The mineralocorticoid receptor (MR) contributes to fibrosis in various tissues, and MR antagonists, like eplerenone, are used to prevent fibrosis. The role of MR antagonists in hepatic fibrosis and cirrhosis is unknown. Here, we investigated the role of MRs and eplerenone in cirrhosis development.
Introduction
At the last Baveno conference (Baveno VI) it was recommended that anti-fibrotic strategies should be further explored to prevent decompensation in cirrhosis (de Franchis and Baveno VI Faculty, 2015) . Among others, the renin-angiotensin-aldosterone system (RAAS) was identified as an area for further investigations (de Franchis and Baveno VI Faculty, 2015) . This statement was based on previous studies showing that attenuation of the RAAS, especially the production of angiotensin II, induced anti-fibrotic effects (Bataller et al., 2005) . The RAAS hormone system includes the hormones renin, angiotensin and aldosterone and regulates blood pressure and fluid balance . Generation of angiotensin II induces the secretion of aldosterone from the adrenal glands . Aldosterone, a steroid hormone, binds to its canonical receptor the mineralocorticoid receptor (MR). The MR, upon physiological activation, increases renal and enteric sodium and water reabsorption, enhances potassium secretion and contributes to the maintenance of extracellular volume and BP (Grossmann and Gekle, 2009; Gekle et al., 2014; Meinel et al., 2014) . The MR is also expressed in cells of non-epithelial tissue, for example, vascular cells, where it contributes to pathophysiological changes initiated by inflammation followed by fibrosis, hypertrophy and remodelling (Nakano et al., 2005) . Interestingly, the MR has been shown to lead to enhanced ROS formation itself, especially in collaboration with vasoactive mediators like angiotensin II . Furthermore, many of its pathological effects require or are aggravated by oxidative stress and are at least partially independent of its classical ligand aldosterone (Grossmann and Gekle, 2012) .
Until now, not much attention has been given to the possible role of MR in cirrhosis, although the MR is expressed in the liver (Pizarro et al., 2015; Paillard et al., 1980) , and the RAAS in cirrhosis is dysregulated (Kuiper et al., 2008) . In cirrhosis, portal hypertension leads to splanchnic and systemic vasodilatation and subsequent arterial hypotension inducing a compensatory activation of the RAAS with increased levels of renin, angiotensin II and aldosterone in blood plasma and ascites (Kuiper et al., 2008; Tandon et al., 2010) . However, the hepatic expression of the MR and possible changes during liver fibrosis or cirrhosis have not been determined sufficiently. The blockade of the angiotensin receptor attenuates fibrosis development in experimental models of chronic liver injury (Jonsson et al., 2001; Croquet et al., 2002; Moreno et al., 2010) . Based on these studies, it has been proposed that the blockade of the RAAS could be effective in preventing fibrosis progression in patients with chronic liver diseases. At present, RAAS inhibitors are widely used in patients with predisposing conditions to prevent the development of cardiac and renal fibrosis, but no treatment in liver fibrosis is established (Pitt, 2004) . Data from small animal studies suggest that administration of MR blockers prevents the progression of fibrosis while administration of aldosterone supported the development of fibrosis (Matono et al., 2010; Queisser et al., 2014) . At the moment, the impact of MR on decompensation is cirrhosis is unknown. Therefore, to get a better understanding of the underlying mechanism, an investigation of the receptor involved, that is, MR, is needed.
Consequently, the aims of this study were to investigate the distribution of the MR in the different liver cell types and to characterize the changes in MR expression at different time points during the development of cirrhosis. As aldosterone levels are mainly raised during the progression of cirrhosis, the MR antagonist eplerenone was given to rats with established cirrhosis, and further progression of the disease was investigated. Furthermore, to clarify the underlying mechanism of the involvement of MRs in the development of cirrhosis, cells were investigated under hypoxic conditions, and the changes in MR expression were measured.
Methods

Induction of cirrhosis by CCl 4
All animal experiments were conducted in accordance with the directive 2010/63/EU and the German law (Tierschutzgesetz) and were ethically and legally approved by the governmental, local animal committee (42502-2-1123 MLU, Landesverwaltungsamt Sachsen-Anhalt). Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . Male Wistar rats (75-100 g at the beginning of the experiments) underwent inhalation exposure to carbon tetrachloride (CCl 4 ) three times a week. Phenobarbital (0.35 g·L À1 ) was added to the drinking water as described previously (Zipprich et al., 2008) . Treatment was given for 5 weeks (fibrosis), 8 weeks (cirrhosis without ascites) or 12 weeks (cirrhosis with ascites). Livers or primary liver cells were isolated 7-10 days after the last dose of CCl 4 . Rats were maintained on a 12 h light/12 h dark cycle at 23°C in a specific pathogen-free environment (FELASA guidelines). Rats had ad libitum access to water and standard rodent diet. If applicable, the rats were housed in groups of three in separate cages. Animal wellbeing was controlled daily. If animals suffered any disturbance due to the induction of cirrhosis, the animal was taken out of the experiment and killed. At the end of the experiments, the animals were deeply anaesthetized with ketamine/xylazine (100 + 5 mg·kg À1 i.p.) and were killed, while in deep narcosis, by exsanguination, and cells or organs were harvested as described previously (Friedman and Roll, 1987; Graupera et al., 2005) . Age-matched rats were used as a control group. Animals were randomly assigned to the experimental groups. For histomorphological evaluation, the samples were blinded.
Administration of eplerenone during the progression of cirrhosis
Eplerenone (Inspra, Pfizer Pharma PFE GmbH, Berlin, Germany) was given p.o. (100 mg·kg À1 bw) once per day dissolved in 5 g hazelnut spread (Youcef et al., 2016; Fujihara et al., 2017; Yan et al., 2017) . Control animals were treated similarly with 5 g hazelnut spread. Treatment was started for both groups after 8 weeks of CCl 4 inhalation (established cirrhosis without ascites) and was continued until 12 weeks of CCl 4 inhalation (cirrhosis with ascites). Tissue collection was performed 7-10 days after the last dose of CCl 4 . A visual evaluation of the liver surface, including shunts (0-3 points) and ascites (0-3 points), was performed, and liver weight, spleen weight and heart weight were measured.
Isolation of liver cells
Hepatocytes were isolated by in situ collagenase perfusion via the portal vein (Graupera et al., 2005) . Briefly, livers were digested with 0.7 mg·mL À1 collagenase and 15 mM HEPES (Serva, Heidelberg, Germany). Parenchymal hepatocytes were collected in Krebs buffer, which included 20 mM HEPES, 0.4% BSA and 0.005% DNase, and then centrifuged (50× g, 5 min). The pellet, containing the hepatocytes, was resuspended in TRIzol (Qiagen, Hilden, Germany) for RNA isolation or protein lysis buffer (RIPA) for protein isolation. Primary hepatic stellate cells (HSC) and liver sinusoidal endothelial cells (LSEC) were isolated by in situ collagenase perfusion of the liver including pronase and DNase (Roche, Mannheim, Germany) as described before (Friedman and Roll, 1987) . Cells (HSC and LSEC) were collected in TRIzol for RNA isolation or protein lysis buffer (RIPA) for protein isolation.
Histology and immunohistochemistry
Rat livers were fixed in formalin (Histofix Roth, Karlsruhe, Germany) and processed routinely for haematoxylin-eosin or Sirius Red staining. Sections for immunohistochemistry of MR and carbonic anhydrase 9 (CA9) were incubated with primary monoclonal antibodies against MR (1:100 dilution) (Gomez-Sanchez et al., 2011) and CA9 (1:50, NB 100-417; Novus, Wiesbaden, Germany). The Sirius Red stained areas were calculated as percentage of total area by ImageJ software.
Western blot analysis
The following antibodies were used: anti-MR (mouse monoclonal, rMR 1-18 6G1) (Gomez-Sanchez et al., 2011) , anti-glucocorticoid receptor (GR) (H-300, sc-8992; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), anti-ß-actin (mouse monoclonal AB, MAB1501; Millipore, Temecula, CA, USA), anti-vinculin (monoclonal rabbit, EPR8185; Abcam, Cambridge, UK), anti-mouse (IgG-HRP, 7076P2, horse origin; Cell Signaling Technology, Boston, MA, USA), anti-rabbit (IgG-HRP, 7074P2, goat origin; Cell Signaling Technology). Proteins were detected using Western blot detection reagent (WesternBright ECL; Advansta, Menlo Park, CA, USA) in a Fusion-Fx-7 imager and quantified with the Bio1D-software (Peqlab, Erlangen, Germany).
Cell culture and treatment
Rat hepatoma cells (MH1C1) were cultured in DMEM supplemented with 10% FCS at 37°C with 5% CO 2 . Hepatocytes were cultured in hepatocyte growth medium (HGM) and 1% P/S at 37°C with 5% CO 2 (Aurich et al., 2005) . Cells were incubated at 37°C with 5% CO 2 under normoxic (10% O 2 ) or hypoxic (cell line: 0.1% O 2 ; primary cells: 1% O 2 ) conditions for 24 h. Afterwards, cells were harvested with either TRIzol (Qiagen) or RIPA buffer.
Quantitative PCR
Total RNA was isolated from MH1C1 cells, liver, hepatocytes, HSC or LSEC using a standard protocol for TRIzol isolation. One microgram of RNA was subjected to reverse transcription with SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and analysed by quantitative RT-PCR using the Platinum SYBR Green qPCR Supermix (Invitrogen). To determine the different expression of genes, 1 μL cDNA was used in real-time RT-PCR (CFX96 Touch Real-Time PCR Detection System; Bio-Rad Laboratories GmbH, Munich, Germany, or 7900HT Fast Real-time PCR system, Applied Biosystems, via Thermo Fisher Scientific, Karlsruhe, Germany). After initial denaturation at 95°C for 10 min, cDNA was amplified by 40 cycles of 95°C for 15 s, 60°C for 30 s, 72°C for 20 s, followed by 72°C for 5 min to allow complete extension. Gene expression was normalized to the expression levels of eukaryotic 18S rRNA or GAPDH and to the control group according to the ÀddCt method in order to control for varying RNA or cell contents.
For analysing the MR with droplet digital PCR ™ (ddPCR ™ ; Bio-Rad Laboratories GmbH), a commercial primer pair (Rn00565562_m1; Thermo Fisher, Waltham, CA, USA) was used. To determine the absolute amount of RNA, ddPCR was performed using the QX200 system of Bio-Rad Laboratories GmbH. cDNA was prepared as described above and used in ddPCR under the following conditions: 95°C for 10 min followed by 40 cycles of 95°C for 30 s and 60°C for 1 min, with ramp rates of 2°C·s
À1
.
Determination of plasma aldosterone levels
Blood plasma samples were collected from the caudal vena cava. Aldosterone plasma concentration was determined, using an Aldosterone EIA Kit (Enzo Life Science, Lörrach, Germany), according to the manufacturer's instructions. Serum sodium and potassium concentrations were determined using a Fuji DRI-CHEM system (scil animal care company, Viernheim, Germany).
Reporter gene assays
HEK-293 cells, which do not express detectable MRs (Grossmann et al., 2005) or 11-β hydroxysteroid dehydrogenase 2 (Odermatt et al., 2001) , were acquired from American Type Culture Collection (Rockville, MD, USA) and cultivated in DMEM/Ham's F-12 medium supplemented with 10% FCS at 37°C with 5% CO 2 as described previously (Krug et al., 2003) . Prior to the experiments, cells were made quiescent by incubation in medium without serum or supplements for at least 24 h. For the experiments presented here, cells were cultivated in 24-well plates (Becton Dickinson GmbH, Heidelberg, Germany). Transfection of HEK-293 cells was performed as described previously (Krug et al., 2003) with the Qiagen PolyFect reagent (Qiagen), according to the manufacturer's instructions. Transactivation of MRs was assessed by the Mercury Pathway Profiling reporter gene assay system from Clontech Inc. (SaintGermain-en-Laye, France) using secretory alkaline phosphatase (SEAP) as a reporter, essentially as described earlier (Pfau et al., 2007) . In brief, HEK cells were cotransfected with positive glucocorticoid response element (pGRE)-SEAP, positive nuclear factor of activated T-cells (pNFAT)-SEAP, positive activator protein 1 (pAP-1)-SEAP or positive NF-κB (pNF-κB)-SEAP and a MR construct, or empty vectors as indicated. SEAP activity in the media was determined with the AttoPhos System from Promega (Mannheim, Germany) and normalized to the transfection control (pcDNA3.1-LacZ; Invitrogen). Twenty-four hours after transfection, cells were submitted to either normoxic (20%) or hypoxic (1%) conditions for 24 h with or without supplementation with 10 nM aldosterone.
Statistical analysis
Data are presented as mean ± SEM. Student's unpaired t-test, chi-squared test or one-way ANOVA followed by post hoc Fisher test with Bonferroni correction were used to detect differences between the groups; P values <0.05 were considered significant. Post hoc tests were run only if P < 0.05 and no variance inhomogeneity was observed. Statistical analyses were performed using IBM SPSS Statistics V20 (IBM Deutschland GmbH, Ehningen, Germany) and Prism V6 (GraphPad Software, La Jolla, CA, USA).
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) .
Materials
If not stated otherwise, all substances were purchased from Sigma-Aldrich, Steinheim, Germany.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017) 
Results
Degree of liver fibrosis and plasma aldosterone concentration
Treatment with CCl 4 induced fibrosis (5 weeks) and cirrhosis with the absence (8 weeks) and the presence of ascites (12-weeks) with an increased amount of fibrotic tissue (Supporting Information Figure S1 and Table 1 ).
Blood plasma aldosterone levels increased significantly already during the first 5 weeks and remained stable thereafter for 8 and 12 weeks of CCl 4 treatment (Table 1) . Serum sodium and potassium levels were unchanged despite the increased levels of aldosterone after 5 and 8 weeks of CCl 4 treatment. After 12 weeks of treatment, retention of potassium was observed, suggesting that kidneys had become refractory to the action of aldosterone, resulting in reduced secretion of potassium in the collecting ducts.
MR mRNA and protein are mainly expressed in hepatocytes
In order to determine the absolute number of MR mRNA copies per total μg RNA, the ddPCR method was applied to liver, hepatocytes, HSC and LSEC from control animals. Hepatocytes express 10 times more MR mRNA compared with HSC and LSEC ( Figure 1A ). These data were confirmed at the protein level by Western blot analysis and immunohistochemistry ( Figure 1B, C) .
Protein and mRNA expressions of MRs and GRs during the development of cirrhosis
During the development of cirrhosis, MR protein amount in hepatocytes and whole liver homogenate was significantly decreased in stages with and without ascites (8 and 12 weeks of CCl 4 treatment) compared with control ( Figure 1D , F). Immunohistochemistry confirmed these results (Figure 2A, B) . Analysis of MR mRNA expression revealed a significant reduction only in the advanced stage with ascites ( Figure 1E ). Furthermore, the degree of mRNA reduction (approximately À50%) was smaller as compared with the degree of protein reduction (approximately À80%). These differences indicate that transcriptional and posttranscriptional mechanisms contribute to MR loss in hepatocytes. A posttranscriptional reduction in MR protein is usually the result of MR activation, nuclear translocation and subsequent degradation. In order to gain further evidence for MR activation, we analysed its subcellular distribution in hepatocytes. In control animals, MR was detected in the nucleus of only 3.9 ± 1.2% (n = 9) of the non-hypoxic hepatocytes. In animals suffering from cirrhosis with ascites, the MR was detected in the nucleus of 30.5 ± 8.9% (n = 5, P < 0.05 vs. control). Because nuclear translocation is the best surrogate marker for MR activation, these data confirm our hypothesis of MR activation in latestage cirrhosis, followed by its degradation.
We also analysed the expression of the GR, the nearest relative to the MR. GR revealed no change in expression during cirrhosis with ascites (Supporting Information Figure S2 ). The decrease in MRs was detectable only in liver tissue. We did Table 1 Liver Sirius Red (fibrosis) staining and blood plasma aldosterone and electrolyte levels in control rats and rats with fibrosis, cirrhosis without ascites and cirrhosis with ascites
Parameter
Control Fibrosis
Cirrhosis without ascites
Cirrhosis with ascites
Sirius Red staining (% total area) 0.53 ± 0.2 5.08 ± 1.0* 6.64 ± 1. Plasma potassium (mM) 6.9 ± 0.1 7.6 ± 0.8 8.9 ± 0.7 12.4 ± 1.7* Sodium/potassium quotient 21.0 ± 0.5 19.6 ± 1.8 16.9 ± 1.3 13.1 ± 1.8* *P < 0.05 versus control, n = 11 animals per group (control, fibrosis and cirrhosis without ascites); n = 6 animals (cirrhosis with ascites).
Mineralocorticoid receptor in cirrhosis not observe any differences in MR mRNA or protein in renal or heart tissue from cirrhotic compared with control animals (data not shown).
Eplerenone attenuated the progression of cirrhosis
In order to test the relevance of MR activation during cirrhosis, we investigated the consequences of MR inhibition in animals with established cirrhosis. If the MR and its activation play a relevant pathogenetic role during the progression to cirrhosis with ascites, blocking of the MR by eplerenone should influence the course of the disease. Consequently, we started to feed the rats daily with eplerenone after the development of cirrhosis (8 weeks) and prolonged induction of cirrhosis to 12 weeks. We found a marked attenuation of fibrosis and progression of the disease. Visual evaluation of the liver surface showed significant less nodules, less shunts and less ascites in the eplerenone-treated group compared with cirrhotic animals without eplerenone treatment ( Table 2 ). Quantification of fibrosis using Sirius Red staining revealed significantly less fibrosis in animals treated with eplerenone (Table 2 and Figure 2E , F). Furthermore, in treated animals, the liver weight was significantly higher, and the spleen weight and the heart weight were significantly lower compared with the non-treated group (Table 2) .
Mechanisms involved in the decreased MR expression and nuclear distribution of the MR and the effect of eplerenone treatment
To further evaluate if our proposed mechanism of nuclear shuttling and increased transcriptional activity of the MR is a relevant mechanism in the pathological setting of cirrhosis, we evaluated the distribution of the MR in non-hypoxic and hypoxic areas of the liver (Figure 2A, B) . Having in mind the differences of oxygen partial pressure in the normal liver, our data show that indeed CA9 staining (hypoxic areas) is increased in the normal liver in close proximity of the central vein. In cells negative for CA9 (non-hypoxic areas), the MR was located mainly in the cytoplasm, indicating its inactive state (Figures 2A and 3C ). In cells stained positive for CA9, the MR is mainly located in the nucleus, indicating its activation (Figures 2A and 3C ). Similar findings with higher nuclear localization of the MR in hypoxic areas were obtained when cirrhotic livers were investigated ( Figures 2B and 3C ). To confirm these results, we performed co-staining using MR and HIF1α (another marker for hypoxia) in primary hepatocytes from rats with or without cirrhosis. This staining confirmed that MR expression is reduced in hepatocytes of cirrhotic rats when HIF1α was increased ( Figure 2C, D) . These findings lead to the hypothesis that the MR in hepatocytes is activated by hypoxia independently of changes in aldosterone concentration. Concentration of aldosterone was significantly increased in fibrosis (5 weeks CCl 4 ; changes in MR expression were significant in cirrhosis with ascites (12 weeks CCl 4 ; Figure 1D -F). When cirrhotic animals were treated with eplerenone, the fraction of nuclear MR was decreased significantly (P < 0.05; Figure 3A -C), strongly supporting our hypothesis of MR activation during hepatic cirrhosis. Besides activation of the MR, hypoxia can also lead to reduced MR mRNA expression (Cuffe et al., 2014) , which we 
Table 2
Sirius Red (fibrosis) staining, liver weight, spleen weight, heart weight, visual evaluation of cirrhosis and amount of ascites from eplerenonetreated and untreated cirrhotic rats
Untreated cirrhosis
Eplerenone-treated cirrhosis P Sirius Red staining (% total area) 26.7 ± 2.5 7.1 ± 1.5
<0.05
Liver weight (g) 7.8 ± 1.34 12.2 ± 0.13
Spleen weight (g) 1.66 ± 0.24 0.77 ± 0.02
Heart weight (g) 1.28 ± 0.05 1.03 ± 0.07
Visual evaluation of cirrhosis (points) 3.0 ± 0.32 0.5 ± 0.39
Ascites (grade) 3.0 ± 0.0 1.2 ± 0.56
Treatment with eplerenone or treatment with solvent (untreated rats) was started in rats with established cirrhosis (after 8 weeks of CCl 4 inhalation), and inhalation of CCl 4 continued until 12 weeks. n = 5 per group.
observed in livers of animals with advanced cirrhosis ( Figure 1E ). To support this hypothesis, we performed additional analyses comparing the changes in CA9 expression in different disease stages with changes in MR mRNA expression. Cirrhotic livers show enhanced mRNA levels of CA9 (8-weeks CCl 4 : +40 ± 10%, P = 0.03; 12 weeks CCl 4 : +45 ± 20%, P = 0.058) that were associated with lower levels of MR mRNA (8 weeks CCl 4 : À68 ± 10%, P = 0.03; 12 weeks CCl 4 : À58 ± 15%, P = 0.07). By contrast, fibrotic livers (5 weeks CCl 4 ) did not show an increase in mRNA levels of CA9 (+20 ± 10%, P = 0.17) or a decrease in MR mRNA levels (+5 ± 20%, P = 0.45). Additionally, we were able to demonstrate that in isolated rat hepatocytes, the expression of CA9 is increased in cirrhotic but not in fibrotic livers (5 weeks CCl 4 : +35 ± 10%; 8 weeks CCl 4 : +60 ± 10%; and 12 weeks CCl 4 : +95 ± 45%), indicating that indeed the increase in hypoxia and not increase in aldosterone concentration in hepatocytes precedes the decrease in MRs (Cuffe et al., 2014) .
Investigation of the mechanisms involved in altered MR distribution and expression ex vivo
To test the hypothesis of hypoxia-induced MR activation further, we incubated primary hepatocytes from healthy livers or a hepatoma cell line (MH1C1) under hypoxic conditions. All experiments were carried out in tissue culture media without the supplementation of serum, that is, without aldosterone. To confirm that our experimental conditions with hypoxia simulate the in vivo conditions, we measured the expression of the fibrotic marker serpine-1 (increased in cirrhotic hepatocytes, data not shown). Expression of serpine-1 was increased under hypoxia ( Figure 3D and Supporting Information Figure S3A ). Under hypoxic conditions, mRNA and protein levels of MR decreased in primary hepatocytes ( Figure 3E, F) . In order to confirm the effect of hypoxia in a second model, we performed similar experiments also in MH1C1 cells. Hypoxia decreased MR expression at both the mRNA and protein levels (Supporting Information Figure S3B, C) .
Next, we determined subcellular MR distribution under normoxic and hypoxic conditions. As shown in Table 3 , hypoxia leads to nuclear MR trafficking also in cultured cells. Interestingly, this nuclear shuttling is, due to the hormone free conditions in our experiment, a ligand-independent effect. Administration of aldosterone to the experimental setting revealed the expected shuttling from the MR in the nucleus in almost all cells (Table 3) .
Investigation of the pathological MR activation ex vivo
To finally investigate whether hypoxia also affects transcriptional MR activity, we performed reporter gene assays for four transcriptional response elements supposed to be activated by the MR and potentially relevant for hepatic cirrhosis. In order to investigate the transcriptional activity with minimal confounding factors, like receptor degradation, under controlled conditions, we employed HEK293 cells with transient expression of MR and the respective reporter. The data show a decrease of basal canonical GRE reporter gene activity under hypoxic conditions, whereas the basal activity of reporters for activator protein 1 (AP-1), NF-κ B and NFAT was not altered significantly by hypoxia ( Figure 4A ). Thus, already under basal conditions, hypoxia induced a qualitative shift in the control of gene expression. To separate the effect of hypoxia on MR from GR, both being able to act on GRE elements, we applied aldosterone at concentration (10 nM) that activate only MR. Under hypoxic conditions, MR activity at the GRE element is significantly reduced, while the NF-κB reporter gene activity is significantly enhanced. NFAT and AP-1 reporters were not affected significantly by hypoxia ( Figure 4B ). Thus, hypoxia indeed induces a qualitative shift of transcriptional MR activity towards proinflammatory regulation of gene expression.
Discussion
Our main findings in this study are that (i) MR blockade by eplerenone prevents the progression from cirrhosis to decompensated cirrhosis (with ascites), (ii) its subcellular distribution and expression are decreased in advanced cirrhosis as a Table 3 Cytoplasm to nucleus ratio of MR localization under normal and hypoxic conditions in the presence or absence of aldosterone in MH1C1 cells
Normoxia Hypoxia
Absence of aldosterone* Cytoplasm only (%) 80 44
Nucleus (%) 20 56 Sum (%) 100 100
Presence of aldosterone Cytoplasm only (%) 2 5
Nucleus (%) 98 95 Sum (%) 100 100
There is a higher amount of the MR in the nucleus under hypoxia in the absence of aldosterone. Six experiments per condition were performed (n = 6 per group), and the minimum number of cells counted per experiment was n = 67. *Chi-squared test P < 0.05.
Figure 4
Hypoxia affects transcriptional MR activity. SEAP activity of HEK cells that were contransfected with positive GRE-SEAP, positive NFAT-SEAP, positive AP-1-SEAP or positive NF-κB-SEAP and MR construct, or empty vector. Twenty-four hours after transfection, cells were submitted to normoxia (20% O 2 ) or hypoxia (1% O 2 ) (A) and normoxia (20% O 2 , dark) or hypoxia (1% O 2 ) with or without supplementation with aldosterone (aldo) (B). AP-1 (n = 13), NF-κB (n = 12), NFAT (n = 8) and GRE (n = 6), * P < 0.05.
result of pathogenetic relevant MR activation and (iii) hypoxia enhanced transcriptional MR activity at response elements of the NF-κB pathway. We propose that hepatocyte MR suffers a hypoxiainduced pathological activation, independent of alterations in ligand abundance, during cirrhosis when the degree to hypoxia increases. This activation leads to nuclear MR translocation and the activation of pathological gene expression programmes, most probably driven by NF-κB-responsive promoters. Since activation of MR results in its ubiquitylation and degradation, the protein amount is reduced in decompensated cirrhosis. The decrease in MR mRNA is most probably an additional transcriptional mechanism induced by hypoxia (Cuffe et al., 2014) . We could confirm these mechanisms in livers, in primary hepatocytes and in a hepatocytederived cell line.
In cirrhosis with ascites, we found a decrease of MR expression on mRNA and protein levels in hepatocytes compared with control. The loss of MR in hepatocytes during the development of cirrhosis also explains the reduction in the whole liver tissue. This altered abundance is specific for the MR, as neither the expression of the glucocorticoid receptor, the nearest relative of the MR (Baker et al., 2013) , nor the expression of angiotensinogen, like the MR part of the RAAS and also produced in hepatocytes (Te Riet et al., 2015) , is reduced in their abundance. To our knowledge, this is the first report on changes in MR expression during the development of cirrhosis. No difference in MR mRNA in hearts and kidneys between control and cirrhotic rats could be observed indicating that the decreased MR mRNA amount is specific for liver tissue.
To proof the pathogenetic relevance of MR activation for diseases progression, we treated animals at the stage of compensated cirrhosis with the clinically used MR antagonist eplerenone. This treatment almost completely prevented pathological MR activation together with the progression to decompensated cirrhosis, thereby documenting the importance of MR for cirrhosis progression per se, besides its role in extrahepatic symptoms.
Systemic levels of the MR ligand aldosterone are known to be increased in cirrhosis (Tandon et al., 2010) . We could confirm these findings in our model. Additionally, we were able to demonstrate that the aldosterone levels already increase in earlier stages of the disease and stay elevated thereafter. This finding is in line with data from humans showing elevated aldosterone levels in earlier stages of the disease (early ascites) (Bernardi et al., 2015) . Despite the maximum increase of plasma aldosterone at week 5, we observed the pathological MR activation only after week 8. These data support our conclusion that the pathological relevant MR activation is not induced by its canonical ligand but independent of alterations in aldosterone concentration.
The development of cirrhosis is a multifactorial process in which inflammation and hypoxia are two key events (Marrone et al., 2016) . Taking into account our results with expression of fibrotic and inflammatory markers in hepatocytes and the high expression of MR in hepatocytes, we investigated these cells regarding the underlying mechanism for the decreased MR expression in cirrhosis. In order to carry this out, we performed two different experiments. First, we investigated the effect of hypoxia on primary hepatocytes.
Since these cells are rather sensitive to hypoxic conditions, these experiments were performed with 1% of oxygen. In order to achieve lower oxygen content, resembling more closely the in vivo situation, we performed the same experiments in the MH1C1 cell line, which tolerate hypoxic conditions with 0.1% of oxygen. The results of both experiments were the same. Under hypoxia and in aldosterone-free tissue culture medium, the expression of the MR is decreased. Therefore, our results revealed hypoxia as a key factor for the decreased expression of the MR in cirrhosis. We exclude that the reduced MR mRNA amount is due to a general reduction in gene transcription as neither 18S-RNA nor vinculin and β-actin protein were reduced under these conditions.
The MR exerts its effects classically as a transcription factor Gekle et al., 2014) . It dimerizes upon ligand binding and translocates into the nucleus binding to the DNA and thereby increasing gene transcription . After activation, the MR becomes posttranscriptionally modified and is subsequently degraded (Galigniana et al., 2010; . Therefore, we analysed the intracellular distribution of the MR in hepatocytes from rat livers with and without cirrhosis. We were able to demonstrate that the main amount of MR under hypoxic conditions was localized in the nucleus. In accordance with our findings in vitro, we could demonstrate ex vivo by immunohistochemistry that the nuclear localization of the MR is increased in hepatocytes under hypoxia. Furthermore, investigation of the transcriptional activity of the MR under hypoxic conditions revealed a decreased activity of the GRE but an increase of NF-κB. Our data are in accordance with previous findings in a model of fatty liver disease and in hepatocellular carcinomas. In both studies, the expression of the MR was also decreased in hepatocytes and in HCC tumour tissue (Nie et al., 2015; Pizarro et al., 2015) . We conclude that hypoxia induces activation of the MR, translocation into the nucleus, increased transcriptional activity and subsequent degradation. Regarding the hypoxia, we hypothesize that the reduced oxygen level in hepatocytes alters radical formation (shift to increased superoxide production), perhaps in addition with the altered inflammatory phenotype (Skott et al., 2006) . The superoxide can react with nitrogen monoxide to peroxynitrite, a molecule known to cause ligand-independent activation of the MR and increased transcriptional activity, presumably by posttranscriptional modifications of the MR .
Concomitant with our findings, anti-fibrotic properties of MR antagonists in the liver were previously shown in small animal studies (Matono et al., 2010; Luo et al., 2012) . However, the effect of the MR antagonist in these studies was investigated during the whole time of the development of cirrhosis, which is not the situation for treatment in humans. Therefore, we started the administration of the MR antagonist after the development of cirrhosis. The administration of the MR antagonist caused a marked attenuation of fibrosis, less ascites and less spleen weight. This attenuation of fibrosis was accompanied with decreased nuclear shuttling of the MR in hypoxic areas. In non-hypoxic areas, this effect was not present indicating most likely an additional mechanism. Therefore, the contribution of the MR to the changes in gene expression observed in cirrhosis or liver fibrosis needs to be evaluated further. To date, we would hypothesize that the MR upon activation increases the transcription of proinflammatory genes (e.g. PAI-1 or Serpina-3; Gravez et al., 2013) and profibrotic genes (e.g. Col1a1 or Col3a1; Schreier et al., 2014) .
To investigate the contribution of aldosterone-MR activation to cirrhosis, we analysed the distribution of MR in liver cells. ddPCR, Western blot and immunohistochemistry from normal livers revealed hepatocytes as the main MR expressing cells compared with hepatic stellate and sinusoidal endothelial cells. In fact, we found a 10 times higher expression of the MR in hepatocytes compared with HSC and LSEC. Interestingly, we did not find significant amounts of MR mRNA in HSC neither under normal conditions nor in cirrhotic livers. Recently, Pizarro et al. (2015) described an increase of MR expression in HSC in a model of fatty liver disease. This result seems to be contradictory to our findings. However, the two investigated models differ not only concerning the species used (mouse compared with rats). Pizarro et al. (2015) employed a non-alcoholic steatohepatitis model that is mainly a model for liver inflammation. In our CCl 4 model, the development of fibrosis and cirrhosis is based on hypoxia and oxidative stress (Moeller et al., 2015) . This animal model is one of the best described animal models for cirrhosis. The model mimics cirrhosis due to toxic agents, that is, alcoholic cirrhosis, which is the main cause of cirrhosis worldwide. On the other hand, cirrhosis in our model develops in weeks that is not comparable with the time frame in humans, that is, years. However, other commonly used models, such as the bile duct ligation models, are not representative of the majority of causes of cirrhosis and develop cirrhosis even faster. Therefore, regarding animal models, the CCl 4 model for liver cirrhosis is the most suitable model available in our opinion (Zipprich et al., 2008) . Our finding that there were no significant amounts of MR in HSC are in accordance with previous results showing no expression of MR in primary HSC of rats (Rombouts et al., 2001) .
In conclusion, administration of the MR antagonist eplerenone attenuates the further progression of cirrhosis by reducing the nuclear shuttling of the MR ( Figure 5 ). These findings imply that the application of MR antagonists might have a beneficial effect in liver cirrhosis independent of the plasma aldosterone concentration and have especially benefit in compensated cirrhosis to avoid further progression of the disease. During the development of cirrhosis, the level of MRs in the liver is decreased. This decrease seems to be tissue-specific and due to a ligand-independent, hypoxiadependent activation of the MR, leading to their translocation to the nucleus, activation of the transcriptional factor NF-κB and subsequent degradation.
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Figure S1
Sirius Red stainings of livers from control, fibrotic, cirrhotic rats without ascites and cirrhotic rats with ascites. Sirius red stainings of livers from control, fibrotic (5 weeks of CCl4 administration), cirrhotic rats without ascites (8 weeks of CCl4 administration) and cirrhotic rats with ascites (12 weeks of CCl4 administration) showing the increase amount of fibrotic tissue from control to cirrhotic rats with ascites. Figure S2 Protein expression of GR in liver and hepatocytes. Western blot analysis of the glucocorticoid receptor (GR) from livers and hepatocytes of controls and cirrhosis with ascitis (12 weeks of CCl4 administration). *P<0.05; n=6/ group. 
